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The d e v ~ l o p m e ~ t  of the  high i n t e n s i t y  g i an t  pulse  laser has placed 

new emphasis on methods of remotely sensing the  p rope r t i e s  of the 

atmosphere. The charact@riSticS of the  l a s e r  coupled with development-8 

i n  camputatr and phatodetector  technology enable the  inves t iga to r  t o  

s i g n i f i c a n t l y  extend light. s c a t t e r i n g  methods of observing the  atmosphere 

and perhaps ~ Q H  t h e  f i r s t  t i m e  p lace  such measurements on f i rm t h e o r e t i c a l  

basis. I n  t h i s  paper t w o  NASA l a s e r  radar  research  programs cu r ren t ly  i n  

prog,16ess w i l l  be descr ibed,  and a number o f  p o t e n t i a l  app l i ca t ions  o f  

l a s e r  radar to problenie in meteorology and atmospheric research  will be 

discussed. I n  add i t ion ,  the  instrurnentatSon developed t o  probe the  

a~~~~~~~~ with lasers will be described as well as Q U ~  plane f o r  fu tu re  

research * 

- 
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I, s ER 
HER 

'In order  t o  e ~ t a b l i ~ h  for the  i n t e r p ~ ~ t a ~ i o n  of ~ ~ s @ r  ~ e ~ ~ ~ n s  

from the  atmosphere, we s h a l l  b r i e f l y  p r  en t  i n  t h i s  

ca l cu la t ions  e t  fas r  wavelength^ fo s c a t t e r i n g  by a c l e a r  atmosphere. 

The r a d i a t i o n  acksca t te red  by a volume e l emen t  of the  atmosphere 

located a d is tance  S from larner, expressed a s  the power i.neident on 8 

coaxia l  receiver, is given by 

where E i s  the  t ~ ~ ~ $ ~ ~ ~ t @ ~  energy, AR is t he  are81 of the! receiver, 

q(S) i s  the txansmissfvi ty  of the atmosphere a(S) i s  the backsca t te r ing  

volume c ross  s e c t i o n  of a volume element located a t  S, and c I s  the  

ve loc i ty  of l i g h t .  'In equation (1) the s c a t t e r i n g  v o l r u ~  i s  aesumd to be 

a poin t  source which r equ i r e s  the  beam divergence and puhwe w i d t h  of t h e  

l a s e r  t o  be small. 

The volume cross sec t ion  and t ~ a ~ $ ~ ~ # s ~ ~ i ~ ~  w i l l  be inee 

according t o  a ~ c ~ ~ t ~ r i ~ ~  model which a ~ s ~ ~ ~ s  the  atmosphere to be a 

mixture of molecu es, descr ibed by Rayleight theory,  and a e r ~ m l s ,  described 

by r igorous  H i e  theory.  

If rthe atmosphe t c  absorp t ion  is neglected lkhe ~ r a n $ r n ~ ~ ~ ~ ~ ~ ~ y  is 

given by 

q ( S )  = exp - rs' S(S) dS 

where s(S) is the  sum of the molecular and ae roso l  s c a t t e r i n g  c o e f f i c i e n t s ,  



Rayleigh S c a t t e r i n g  

The absolu te  Rayleigh volume c ross  sec t ion  f o r  backsca t te r  from the  

molecular ComponenE is  

where 

k = wave number of incident r a d i a t i o n ,  2v/X 

a! = p o l a r i z a b i l i  t y  

N(z)  = number dens i ty  

and 

P 

- 3(2 -I- A) 
6 - 7 A  

f -" 

where A is the  depo la r i za t ion  f ac to r .  For atmospheric a i r ,  G,  de 

Vaucouleurs (1951) has  measured A = 0.031, and the re fo re  f = 1.054. 

The s c a t t e r i n g  c o e f f i c i e n t  for the  molecular component i s  

Large Particle Sca t t e r ing  

ssuming t h a t  the  p a r t i c u l a t e  matter present  in t he  atmosphere may 

a ~ o l y d ~ s p e ~ ~ ~  c o l l e c t i o n  of homogeneous spheres  of average 

volurne cross ection is given by 
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,~(cY,T,$) are the ity functions €or 

electric vector perpendicular and parallel, r~spectively, to the p 

through the direction of propagation of the inc~dent and scattered 

radiation, is the ~adius of the scatterer, CY = 2n/X is the pa 

size parameter, dn(r,z) is the number density of partfcles with 

radius between r and r + dr at altitude 2, and 8 is the s~att@ring 

angle measured between the direction of the incident and scattered 

radiation., 

r 

Similarly, the scattering coefficient for such a collection is 

given by 

A computer program has been written to evaluate the integral expressions 

in equations (5) and (6) for an arbitrary choice of aerosol parameters, 

and we shall compare the results of an atmospheric scattering m d e 1  

calculation with experimental measurements in a section to follow. 

~ n s t r u ~ n t a t i o ~  

Three laser radar systems have been constructed to date and have 

been used to probe the atmosphere. 

An &irbor~e system, installe~ in a T-33 type j e t  aircraft, con$ist~ 

of a ruby laser transmitt~r and a refracting telescope receiver whose 

axes are alined paralle e The laser produces pulses of ap~roximatel~ 

~ n ~ r ~ y  and of 20-nsec du ion with a b ~ a ~  d ~ ~ e ~ ~ ~ n ~ e  of 

c a ~ t ~ r e d  laser ene is collected by a receiver which hae 
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%h,e o p t i c a l  bandwidth of the rece iv ing  system i s  determined by a 

tempgsature-contKolled in t e r f e rence  f i l t e r  wi th  a s p e c t r a l  bandwidth of 

11.75 A centered a t  6943 A, 
0 0 

The photomult ipl ier  d e t e c t o r  used i n  t h i s  

system has 1 amplifying s t ages  and a photocathode wi th  an 5-20 s p e c t r a l  

response. 

thermopile ca lor imeter  and the s p e c t r a l  response of the  r ece ive r  was 

determined us ing  a standard lamp; i n  consequence, t h e  a i rborne  system 

can make absolu te  measurements of t he  backsca t te r ing  cros9 sec t ion .  

The laser output  monitor is ca l ib ra t ed  by comparison wi th  a 

This  laser radar  system was constructed and flown t o  explore  the  

f e a s i b i l i t y  of using laser radar  as a clear a i r  turbulence d e t e c t i o n  device.  

This s y s t m  was not success fu l  i n  d e t e c t i n g  atmospheric turbulence; 

however, it kss made exce l l en t  absolu te  measurements of the  s c a t t e r i n g  

p rope r t i e s  o f  the  a t i ~ ~ + p h e ~ = e  which w i l l  be descr ibed i n  a s e c t i o n  t o  

follow * 

The first ground-based system designed c o n s i s t s  of a ruby laser 

and a 60-inch parabol ic  search  l i g h t  mirror  posi t ioned i n  a s t e e r a b l e  

mount with their axes p a r s l l e l .  The laser produces a 1- t o  2-joule 

pulse  of 20-nsec du ra t ion  a t  6943 A ,  and i s  temperature cont ro l led  t o  

prevent detuning i n t o  an  atmospheric absorpt ion band. 

photomult ipl ier  de t ec to r  w i th  S-20 response is pos i t ioned  near t h e  foca l  

plane. The o p t i c a l  bandwidth of the system is  l imi ted  t o  about 700 A 

by the  combination of a red  f i l t e r  and the  S-20  photocathode response. 

The acceptance angle of t he  mirror  i s  reduced t o  approximately 10 mrad 

by a s t o p  a t  t h e  foca l  plane.  I n  view of the  wide s p e c t r a l  bandwidth o f  

0 

A 14-stage 

0 
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t h i s  system, i t  can not  of course be used t o  make measurements during 

the  dayl ight  hou S. A t  n ight ,  however, the  sky background radiance i s  

down from i ts  day l igh t  value by approximately s i x  orders  of magnitude and 

i t s  cont r ibu t ion  t o  the system noise  is  neg l ig ib l e  f o r  a l t i t u d e s  below 

approximately 30 km. 

during nighttime opera t ion  we have l i s t e d  i n  f a b l e  l values of the  s i g n a l  

t o  noise  r a t i o  f o r  s eve ra l  a l t i t u d e  regions.  

As an  ind ica t ion  of the  performance of  the  sys tem 

A schematic diagram of it second, more advanced, ground-based systeni 

which has been constructed t o  probe the upper atmosphere is given i n  

f igu re  1. This system c o n s i s t s  of a 31-inch Newtomian telescope ~ ~ c ~ J w K  

with a ruby l a s e r  t r ansmi t t e r .  The acceptance angle of the  r ece ive r  it3 

1 m a d  and the  o p t i c a l  bandwidth i s  l i m i t e d  t o  20 A by an ~ ~ ~ ~ ~ ~ ~ K ~ ~ c ~  

f i l ter  e 

0 
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Re s 11 1 t s 

plblr~~A.cqpA.c~-~ -tAhAGeutlnosphe& 

1 observztions of the clear atmosphere are shown in figure 2. 

A composite profile extending to about 22 km has been constructed from 

three laser shots. The solid curve in the figure is the total return 

calculated for the U.S.  Standard I962 Atmosphere and an aerosol component 

based on ROS~R’S direct sampling measurements. 

aerosol number density in the first 2 kilometers is evident; in this 

region the scattering is predominantly of aerosol origin. The scattering 

from about 2.5 to 1 2  kilometers appears to be predominantly of molecular 

A fast decrease in 

origin; small. increases in the absolute cross section, however, are noted 

throughout and indicate the presence of local concentrations of aerosols. 

A deviation from nolecukar scattering appears at about 12 kilometers and 

increases to abouc a factor sf two a t  19 kilometers. 

Shawn in figure 3 are the results of a series of simultaneous 

measurements of the backscattering volunie cross section of a clear 

atmosphere by the airborne and ground systems. The profile measured with 

the ground-based system has been normalized to the airborne data at 7 . 2  km. 

As is evident in the figure the two s e t s  of experimental data agree very 

well and in addition agree with the model calculation above 2.5 km. 

Below 2.5 km t h e  measured profile deviates significantly from the calculated 

profile. This deviation is indicative of the aerosol concentration in the 

vicinity of a subsidence inversion which existed in the vicinity of 1.8 km, 
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Observation 0 2  Clouds 

No systematic  observat ions of cloud systems have been made nor has 

any attempt been made t o  f i t  polydisperse  models t o  our measurements. 

The observat ions made t o  da t e ,  however, c l e a r l y  demonstrate t h a t  l a s e r  

r ada r  c o n s t i t u t e s  an exce l l en t  method f o r  observing cloud systems. 

The s t r u c t u r e  ev ident  i n  f i g u r e  4 ( a )  is a high c i r r u s  cloud extending 

from 9 t o  1 2  km; a l s o  evident  i s  an a l t o s t r a t u s  cloud a t  5.85 km of 

thickness  300 m. The r e t u r n  i n  f i g u r e  4(b j  shows a c i r r u s  cloud system 

centered a t  approximately 11.85 km. 

which a t  the  time of observat ion w a s  s t r a t i f i e d  i n t o  three  layers. The 

base of t h i s  system was 11.7 km, while t h e  t ~ p  was P3,35 km. Figure 4(d)  

is  an example of the  r e t u r n  from a dense c i r r u 8  cloud si.anilar t o  that 

found i n  f igu re  4(a)  extending from 8.7 km to  11.25 km. In addition, it  

should be noted t h a t  laser radar  can d e t e c t  clouds i n  t h e i s  earliest 

s t ages  of formation. 

0 b se rva t i  ons 8 f Turbulent miv - 0 ~ ~ ~ ~ ~ ~ ~ ~ ~  

Figure 4 ( c )  shows another c i r r u s  cloud 

I n  a s e r i e s  of experinients conducted over W~~~~~~~~~~~ and UmPlaps 

I s l and ,  Vi rg in ia ,  a T-33 type j e t  a i r c r a f t  ~ ~ ~ ~ ~ ~ 1 ~ 1 ~ ~ ~ ~ ~  with a recording 

accelerometer w a s  d i r e c t e d  i n t o  regions of the clear a t m ~ ~ ~ h ~ ~ ~  where 

enhanced backsca t te r  of ruby l a s e r  r a d i a t i o n  was observed by an 

experimental  ground-based pulsed ruby l a s e r  r ada r  system. I n  33 cases ,  

e s t ab l i shed  over 7 n igh t s  of observat ion,  the  a i r c r a f t  encountered l ight:  

turbulence ( v e r t i c a l  acce le ra t ion  genera l ly  i n  the  range 0.10 t o  8.25rg) in 

c l e a r  ais i n  regions of enhanced backsca t te r .  I n  a ~ ~ i ~ i ~ ~ ,  the aircr 

conducted a g@neral  search  fo r  turbulence to  heights o f  12 km above t h e  
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f i e l d  s t a t i o n  and did not encounter turbulence i n  regions where no 

enhancement i n  backscat tered s i g n a l  was evident .  

Figure 5 shows osc i l loscope  recordings of two such examples i n  which 

the  a i r c r a f t  encountered turbulence.  A s c a t t e r i n g  enhancement is  c l e a r l y  

evident i n  f i g u r e  5(a) from 3. t o  4.05 km; the  p i l o t  reported l i g h t  

turbulence (0 , l  t o  0.2g) i n  c l e a r  a i r  from 3.7 t o  4,05 km, IR f igu re  5(b) ,  

an enhancement extending from 2.4 t o  3.1 km is  ev ident ;  the  p i l o t  reported 

l i g h t  turbulence (0.1 t o  0.2g) i n  c l e a r  a i r  i n  t h ree  layered regions 

extending from 2.5 t o  2.8 km. Radiosonde measurements made a t  Wallops 

I s l and ,  V i rg in i a ,  ( i t5 miles nor theas t  of Williantsburg) on t h i s  evening 

indicated t h a t  a subsidence invers ion  ex i s t ed  a t  an a l t i t u d e  of 3.1 km; 

l i g h t  turbulence was presented beneath t h i s  inversion.  

The program which has j u s t  been descr ibed seeks t o  explore only one 

aspect  of the  l a s e r  radar  technique, I n  a second program, which is being 

conducted a t  the  Marshall  Space F l igh t  Center,  app l i ca t ions  of t h e  GO2 

l a s e r  doppler technique t o  atmospheric measurements a r e  being inves t iga ted .  

Since the  C Q 2  l a s e r  doppler technique has been successfu l  i n  making 

wind tunnel ve loc i ty  measurements, cons idera t ion  i s  being given t o  extending 

the  development of t h i s  type of instrumentat ion to measurements of 

atmospheric wind ve loc i ty  and turbulence.  For t h i s  type of instrumentat ion,  

the  S/N power a t  the  output  

S/N = 

of the  r ece ive r  f o r  a monochromatic source is  
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where Q = de tec to r  quantum e f f i c i e n c y  

Pr = received s i g n a l  power 

Plo 

Pn 

Pamp 

B = e l e c t r o n i c  bandwidth 

h = Planck*s  cons tan t  

f = t ransmission frequency 

= l o c a l  o s c i l l a t o r  s i g n a l  power 

= equivalent  o p t i c a l  noise  power 

= equivalent  noise  f i g u r e  p er of post  de t ec t ion  ampliifie 

I n  a coherent de t ec t ion  processs  one may increase  the  l o c a l  o s c i l l a t o r  

power t o  outweigh the  e f f e c t s  of the  a d d i t i o n a l  noise  con t r ibu t ing  terms, 

As a resu l t  t h e  S/N equat ion becomes equal  t o  the  product of the  de t ec to r  

quantum e f f i c i e n c y  and the  received s i g n a l  power and inverse ly  r e l a t e d  

t o  the  e l e c t r o n i c  bandwidth, t ransmission frequency and Planck's constant .  

The advantages of using a 0 2  l a s e r  system f o r  atmospheric s t u d i e s  sf 

t h i s  type are: 

1. Since the  coherent  s c a t t e r i n g  volume increases  as the  square of 

the  wavelength, the S/N increases  a s  the  cube of the wavelength of the  

inc ident  r ad ia t ion .  

of the  s i g n a l  t o  noise  r a t i o .  

3 The C02 l a s e r  t akes  maximum advantage of A dependence 

2. 

3. Alinement is not  e r i t i c a  

4. 

The l a s e r  is e f f i c i e n t  i n  the  use of prime power (=IO%) 

The C02 laser has the  h ighes t  CW output p 

s u b s t a n t i a l  power inc reases  a r e  pred ic ted  i n  the n 

Given i n  Eigure 6 is 81 sch matis diagram of a p ~ @ I i ~ ~ n ~ ~ y  ~x~~~~~~~~ 

p e ~ ~ o ~ ~ ~ d  i n  the atmaspher at%: s i n g l e  frequency C02 €a@ 
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made of the dopgler r 

conditions ranging from very clear to ainy, and a gtn ral  correlat ion 

been obtained with the approximate wind ve loc i ty  prevalent a t  that 

time of day. Recently a 25-watt stable single frequency e02 laser has 

been developed to improve these measurements. 

Future Research Program 

Our plans for future work at the Langley R search Center may be 

divided into  three areaat 

A .  Extansirin oE the lases radar technique to include mult ip le  

wave Z e ng t ti me as u r e n ~  12 e. 8 and X aniar~ s ca t t e 1: f ng 

B, Development of instrumentation 

C. Tnvesttgations o f  the  potent ia l  application of laser radar to  

fundaniental problems in upper atmospheric research, metearolsgy, 

oceanography, ami air  p o l l ~ t i ~ n  

A.  Extension of t h e  Laser Radar Measurement Technique 

L ~ 

The equatinils developed ir. section 2 for the molecrrlar and aerosol 

Pfr? 1 t i p 1 e laser  wave 1 eng t 11 neasurment: s : 

s c a ~ i m - i n g  cornparrents suggest: a natUx81 exteiisiw OF tire nieasurexnent 

technique m mu'htiplc laser wavelengths, Given in jEigura 7 are scattering 

prof i l e s  for three laser weveLengths coraiputed for an aerosol component 

based an d irec t  sampling measurements and a molecular component based on 

the U.S .  Standard Atmosphere 196-3. The curves given i n  figure 7 indicate 

the re la t ive  contribution of t h e  aerosol and molecular scattering components 

ac the laser wavelengths 9.06~, 0 . 6 9 4 3 ~ ~ ,  and 8.347?,&/, and i t  can be 

shown that  measurements at these wsve4engrhs will cnnlpXcteZy characterize 

the atmosphera'c aerosol.  
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probes, little i known of the latitudinal, seasonal, and diurni 

tions in de~sity of the ltitude region 30-150 k Laser radar is a very 

promising and inexpensive technique for providing systematic m~asur@me~ts 

of the molecular and particle density of this altitude region. 

Air Pollution 

ser radar provides an accurate and convenient method for 

monitoring pollutants introduced into th atmosphere in industrial areas. 

An important aspect of the laser radar method of monitoring pollutants is 

that it provides a remote measurement. 

Oceanography 

The National Academy of Science has recognized the alar-sea interaction 

as a research area af fundamental importance and has recornended that it 

be subjected to extensive study, At least, in principle, laser radar 

can determine the coefficient of eddy transfer in the lower atmosphere 

by measuring the vertical distribution of s a l t  particles and other acsmsols 

over the ocean. 

over the ocean by providing accurate measurements o f  the distribution and 

transmissivity of cloud systems. 

In addition, it can ~~~~~~~~y aid convective studies 

At Marshall Space Flight Center further development oE the PA2 laser 

is being considered in the following areas: 

Perform precise! triangulation doppler measur merits t o  compare 

doppler techniqu 

1. 

with a ~ e m o m ~ ~ ~ r  data 

2. Develop a t h ~ @ ~ - d i m ~ ~ s i o n ~ ~  graund wind measuring i n s t ~ u ~ ~ ~  

capable of one meter resolution at 500 met 
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3. Determine the feasibility of detecting trailing VOKtiCeS behind 

aircraft landing OF taking off  a t  airports 

4 ,  Since the laser doppler technique provides a direct measurement 

of turbulence,  cons ider~c ion  is being given tu the possl.ble development 

of a GO2 doypler radar as a clear ais turbulence detection system. 

Future Developn~ents Required 

Laser radar systems have exrelbena: potential €or a R U ~ ~ E T  of important: 

applications w i t h  the present. s t a t e  of technology; however, w i t h  additional 

research and d e ~ e l ~ p l t e n t  i . t s  capabi l i t ies  can be increased markedly. 

Fruitful  areas for  research and developmecv are: 

1 e 'Emp*ovr*rr?cnt in Laser power with  increased pulse repetition rate 

2. 

3. Tmpr~vement i n  tbe e f f i c i e n c y  of harmonic geiwration materisls. 

4. Development to i17crease quantum efficiency of detectors i n  

Imprevwi reliability of high-power laser sysrents 

v i s i b l e  ar.d in fyared  

5. DcvePoprient of interference f i l ters  for receiver with small 

spectral  bandwidth atid high transrdssion 
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Figure  1.- Schmatic diagram of laser r a d a r  system f o r  upper atmosphere measurements. 
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Figure 2.- Laser radar return from the clear atmosphere., 



FLgure 3.- Simultaneous ground-based and airborne laser radar measurements. 
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Figure 4.- Laser radar returns from clouds.  
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Figure 5.- Laser radar r e t u r n s  from tu rbulen t  reg ions .  
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Figure 6,-  Laser Doppler technique for wind velocity and turbulence measurements. 
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Figure 7.- Scattering cross section vs a l t i t ude  a t  three l a s e r  wavelengths. 
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Figure 8.- Schematic diagram of laser radar system under development. 


